University of Wollongong

Research Online
Faculty of Engineering and Information
Sciences - Papers: Part B

Faculty of Engineering and Information
Sciences

2018

Transverse conductance in a three-dimensional Weyl semimetal and Weyl
superconductor hybrid under a strong magnetic field
Wenye Duan
University of Wollongong, wduan@uow.edu.au

Junfeng Liu
South University of Science and Technology of China

Jun Fang
Peking University

C Zhang
University of Wollongong, czhang@uow.edu.au

Zhongshui Ma
Chinese Academy of Sciences, zma@uow.edu.au

Follow this and additional works at: https://ro.uow.edu.au/eispapers1
Part of the Engineering Commons, and the Science and Technology Studies Commons

Recommended Citation
Duan, Wenye; Liu, Junfeng; Fang, Jun; Zhang, C; and Ma, Zhongshui, "Transverse conductance in a threedimensional Weyl semimetal and Weyl superconductor hybrid under a strong magnetic field" (2018).
Faculty of Engineering and Information Sciences - Papers: Part B. 2255.
https://ro.uow.edu.au/eispapers1/2255

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au

Transverse conductance in a three-dimensional Weyl semimetal and Weyl
superconductor hybrid under a strong magnetic field
Abstract
There are two competing pairing mechanisms for the superconductivity of doped Weyl semimetals, i.e.,
the internode Bardeen-Cooper-Schrieffer (BCS) pairing and the intranode Fulde-Ferrell-Larkin-Ovchinnikov
(FFLO) pairing. To understand the edge excitations at the interface between the Weyl semimetal and the
superconducting Weyl semimetal (WSM/SWSM) mediated by two different pairings, we study the energy
dispersions and the density of states under a strong magnetic field. It is found that only the chiral zeroth
Landau level exhibits a significant difference for the two pairings; the excitation spectra of higher Landau
levels are insensitive to the way of pairings. In the vicinity of interface in the hybrid of WSM/SWSM, the
spatial distributions of transverse current and the transverse conductance are independent of pairing
mechanism. The pairing independence in the macroscopic conductance can be understood with the
quantum effect of phase-coherent electron-hole states at the WSM/SWSM interface, which is responsible
for the magnetically induced edge states supported by the Weyl Landau levels.

Disciplines
Engineering | Science and Technology Studies

Publication Details
Duan, W., Liu, J., Fang, J., Zhang, C. & Ma, Z. (2018). Transverse conductance in a three-dimensional Weyl
semimetal and Weyl superconductor hybrid under a strong magnetic field. Physical Review B, 98 (15),
155317-1-155317-15.

This journal article is available at Research Online: https://ro.uow.edu.au/eispapers1/2255

PHYSICAL REVIEW B 98, 155317 (2018)

Transverse conductance in a three-dimensional Weyl semimetal and Weyl superconductor
hybrid under a strong magnetic field
Wenye Duan,1,2 Junfeng Liu,3 Jun Fang,1 Chao Zhang,2,4 and Zhongshui Ma1,5
1

School of Physics, Peking University, Beijing 100871, China
School of Physics, University of Wollongong, New South Wales 2522, Australia
3
Department of Physics, South University of Science and Technology of China, Shenzhen 518055, China
4
Terahertz Science Cooperative Innovation Center, University of Shanghai for Science and Technology, Shanghai 200093, China
5
Collaborative Innovation Center of Quantum Matter, Beijing 100871, China
2

(Received 7 April 2017; published 23 October 2018)
There are two competing pairing mechanisms for the superconductivity of doped Weyl semimetals, i.e.,
the internode Bardeen-Cooper-Schrieffer (BCS) pairing and the intranode Fulde-Ferrell-Larkin-Ovchinnikov
(FFLO) pairing. To understand the edge excitations at the interface between the Weyl semimetal and the
superconducting Weyl semimetal (WSM/SWSM) mediated by two different pairings, we study the energy
dispersions and the density of states under a strong magnetic field. It is found that only the chiral zeroth
Landau level exhibits a significant difference for the two pairings; the excitation spectra of higher Landau
levels are insensitive to the way of pairings. In the vicinity of interface in the hybrid of WSM/SWSM, the
spatial distributions of transverse current and the transverse conductance are independent of pairing mechanism.
The pairing independence in the macroscopic conductance can be understood with the quantum effect of
phase-coherent electron-hole states at the WSM/SWSM interface, which is responsible for the magnetically
induced edge states supported by the Weyl Landau levels.
DOI: 10.1103/PhysRevB.98.155317

I. INTRODUCTION

The discovery of Weyl semimetals (WSM) offers new
opportunities to explore various exotic quantum phenomena
associated with the linear dispersion and the nontrivial Berry
phases in their band structure [1–3]. The WSM is characterized by a pair of band crossing points, termed the Weyl
nodes. The low-energy excitations in the WSM have a linear
dispersion around nodes [3–5]. The WSMs present a set of
novel features which are robust [6–10]: The pairs of Weyl
nodes are protected by Chern numbers ±1, the Fermi arcs
exist in the surface band structure, and the WSMs display
the chiral magnetotransport phenomena. The unconventional
superconductivity has been predicted to occur in doped WSM
with an inversion symmetry and a topologically nontrivial
Fermi surface [11–13]. UPt 3 has been discovered to exhibit
the superconducting phase [14], a possible BCS state with
the superconducting transition temperature about 0.5 K. It
has been considered as a superconducting Weyl semimetal
(SWSM) with the nodal points [15]. Besides UPt 3 , the unconventional superconductivity is also discovered by hard point
contact on the WSM TaAs crystals [16,17]. Experimentally,
the superconducting states in the WSM have also been studied
in other SWSMs, such as MoTe2 , WTe2 , TaP, and TaIrTe4
[18–23].
The property of superconducting states in the SWSM is
related to the details of the superconducting pairings. Theoretically, two competing pairing mechanisms are possible
to realize the SWSMs [24–30], i.e., internode BCS pairing
[31] (the Bardeen-Cooper-Schrieffer pairing mechanism) and
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intranode FFLO pairing [32,33] (the Fulde-Ferrell-LarkinOvchinnikov pairing mechanism). The BCS superconducting
state is formed by a zero-momentum Cooper pair of paired
fermions with opposite momenta. The FFLO superconducting state is formed by a finite-momenta Cooper pair and
has a spatially nonuniform superconducting order parameter.
The requirement of unconventional pairing symmetries in the
SWSM has currently been studied intensively. The studies
show that the BCS pairing states are topologically nontrivial
with gapless nodes in the energy dispersion while the FFLO
paired state is topologically trivial with a full nodeless gap.
To understand the interplay between superconductivity and
nontrivial topology in electronic structures, many works have
been devoted to investigate which kind of pairing state is
preferred in the doped WSM. Based on the assumption of only
one kind of pairings, the ground state energies are calculated
for the BCS pairing and the FFLO pairing, respectively.
In Refs. [24,25], it was argued that the FFLO state has a
lower energy. Later, by using the standard mean-field theory
[28] and the Bogoliubov-de Gennes (BdG) equations [29],
it was demonstrated that the energy of the BCS paired state
is lower than that of the FFLO state. To date, there is no
conclusive result on preferred pairing in the doped WSM.
The SWSM hybrid structures are proposed to search for
distinguishable signatures with respect to these two distinct
pairings. The Andreev reflections (AR) [34] at the interface
of a WSM/SWSM hybrid structure [35] and a WSM/normalsuperconductor hybrid structure [36] have been reported. The
mixed pairing in the AR has been also investigated [37]. A
four terminal transport Josephson junction of WSM has been
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proposed to probe the nodal BCS and the FFLO states in
the superconducting phase of the inversion-symmetric doped
WSM [38]. These previous studies mainly concentrated on
the AR characteristics of longitudinal transport. There has
been little discussion of the transverse conducting properties
associated with the edge excitations.
Although some distinct signatures have been exhibited
in the longitudinal ARs, the feature of chiral anomalous
transports [39–51] originated from carrier’s chirality in
WSM/SWSM hybrid structure has not been studied. On the
basis of the gapless nature of the doped WSMs associated
with the topological phases, it is interesting to know how the
superconducting phases originated from the bulk Weyl nodes
are manifested by topologically protected surface states, in
particular, the anomalous transports associated with these two
possible pairings. Because of the fine experimental control
over the hybrid structures, the edge states can be manipulated
by using magnetic fields [52–55]. The WSM/SWSM hybrid
structure under a magnetic field can be used to analyze the
relevant signatures of topological edge excitations for the
nodal BCS and the FFLO superconducting pairing states.
Correspondingly, the transverse (anomalous) electromagnetic
response can be investigated. Topological features can be
manifested by the edge excitations, where the edge channels consist of a coherent superposition of electrons and
Andreev reflected holes associated with two distinct pairings.
The transverse conductance embodies the general topological
properties of the magnetic helicity, which is topologically well
defined and invariant when all the available states have been
summed over. The similar setups have been widely used in
studies of the edge excitations, such as the two-dimensional
electron gas in hybrid structures [56–62], graphene [63–65],
and topological insulator [66,67]. The previous studies suggested that hybrid structures of superconducting topological
materials can support the neutral Majorana states [66,68–70].
In this work, to understand the interplay between the
nontrivial microscopic feature and physical effects traceable
to the edge excitations, we investigate the edge excitations
associated with the intranode and the internode electron-hole
conversion. Our studies show that for a finite system with a
limiting surface the Weyl Landau levels (LLs) can support
the magnetically induced edge states. These states are a direct
physical consequence of the topology of the bulk band structure which is characterized by a quantized topological invariant. With a WSM/SWSM hybrid structure under a magnetic
field, we calculate the edge excitation spectra, the density of
states (DOS), the distributions of current in the vicinity of
interface, and the transverse conductance. It is shown that
the energy dispersions of edge excitations associated with the
two competing pairing mechanisms exhibit different signatures in their N = 0 LL. However, the difference between
the energy dispersions associated with two pairings becomes
smaller for the states with larger |N |. Our studies show that
the transverse current associated with the edge excitations
induced by the magnetic field is independent of the pairings.
The differences in the energy spectra and the DOS in the
zeroth LL do not make an impact on the transverse conducting
properties. The pairing-insensitive transverse conductance can
be understood from the phase-coherent electron-hole states at
the WSM/SWSM interface. In the WSM side, the electron

and Andreev reflected hole comply with the same law of
motion and the same characteristic properties associated with
the topological structure of the WSM. Since the momentum
changes of the Andreev reflected holes for the BCS and
the FFLO pairings are perpendicular to the interface, the
cyclotron motion in the vicinity of WSM/SWSM interface is
not affected. Therefore, the macroscopical transverse conductance is not dependent on the pairing details. Topologically,
the transverse conductance contains two contributions, one
due to the intrinsic chiral anomalous Hall conductance which
is in association with the topological structure of the WSM.
This part is proportional to the momentum difference of two
Weyl nodes and independent of magnetic field. Another is the
Hall-like conductance induced by the magnetic field. In the
WSM/SWSM hybrid structure, the intrinsic chiral anomalous
Hall currents in the two flanks of the interface flow in the
opposite direction. As a result, the intrinsic chiral anomalous Hall conductance does not contribute to the transverse
conductance. For the Hall-like conductance induced by the
magnetic field, we have assumed no magnetic field in the
SWSM, so that the Hall-like current associated with electromagnetic response arises only in the WSM. Therefore,
these contributions stemmed from the effect of magnetic field
survive which are not dependent on the details of pairing.
The paper is organized as follows. In Sec. II the
BdG Hamiltonian of the WSM/SWSM hybrid structure is
given, according to the specific requirements concerning the
electron-hole conversion with the BCS and FFLO pairings.
We solve the BdG equations in the presence of magnetic field.
The LL spectra and wave functions for WSM/SWSM hybrid
structure in a magnetic field are obtained. The corresponding
DOS near the Fermi level is analyzed for the BCS and FFLO
pairings, respectively. In Sec. III, we calculate the transverse
current distributions in the vicinity of the interface between
the WSM and the SWSM numerically. The interplay between
the electron-hole conversion and the cyclotron motion at the
interface of the WSM/SWSM hybrid structure is discussed.
The transverse conductance parallel to the interface for the
BCS and FFLO pairings is presented in Sec. IV. Using a
four-terminal SWSM/WSM/SWSM hybrid structure, the contributions from the various edge channels to the transverse
conductance are analytically calculated. We summarize the
results in Sec. V.

II. THE SPECTRUM PROPERTIES OF WSM/SWSM
HYBRID STRUCTURE
A. The BdG equation in the presence of a magnetic field

We consider a WSM/SWSM hybrid structure along the x
axis with the interface at x = 0. The WSM (x < 0) and the
SWSM (x > 0) are assumed to extend to infinity in the y
and z directions. For the sake of simplicity, in the following
calculations, we consider a pair of Weyl nodes with the opposite chirality, localized at K± = (0, 0, ±K ) in momentum
space, respectively. We assume the same Fermi velocity and
distance between two nodes in the WSM and the SWSM. A
uniform magnetic field, B = B
ez , is applied parallel to the z
axis. The Meissner effect is assumed to be held for the SWSM,
so that the magnetic field is excluded from the SWSM region.
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In addition, we also ignore the inhomogeneity of the magnetic
field in the vicinity of the interface. Denoting the excitation
energy of the electron above the Fermi energy EF by E, the
BdG equation for the excitations of quasiparticles is given by

SWSM, we will solve the BdG equation in the WSM and the
SWSM separately.

HBdG  = E,

In the WSM region (x < 0), (r, K) = 0. In the presence
of a magnetic field, the electron energy spectrum is in the form
of unequally-spaced LLs,


h̄vF kzκ
En,η,κ
EF
= −η
+ κδn,0
E0
E0
E0



h̄vF kzκ 2
, (5)
+ (1 − δn,0 )sgn(n) 2|n| +
E0

(1)

where  = (u+↑ , u+↓ , u−↑ , u−↓ , v−↓ , v−↑ , v+↓ , v+↑ )T in
†
 = (ψ
+↑ , ψ
+↓ , ψ
−↑ , ψ
−↓ , ψ
−↓
the Nambu representation ψ
,
†
†
† T
−↑
+↓
+↑
−ψ
,ψ
, −ψ
) , T stands for transpose, the subscripts
± are for the Weyl nodes K± , and ↑ (↓) is for the spin-up
(-down). The BdG Hamiltonian takes a form [24,35,37]


(r, K)(x)
H(π , K) − EF
, (2)
HBdG =
∗ (r, K)(x) EF − T H(π, K)T −1
where
H(π, K) = vF [τ0 (σx πx + σy πy − σz h̄K ) + τz σz πz ]
is the Hamiltonian for electronlike carriers and

τκ σ0 F eiκ2K·r
(r, K) = τ0 σ0 B +

(3)

(4)

κ=±

is the superconducting pairing potential. Here B and F are
the BCS and the FFLO order parameters, π = p + (e/c)A is
the mechanical momentum, A = (−x)(0, Bx, 0) is the vector potential with the Heaviside step function (x), (x) = 1
for x > 0 and 0 for x < 0, −e is the electron charge, vF is the
Fermi velocity, σx , σy , and σz are the Pauli matrices for the
spin, τx , τy , and τz are the Pauli matrices for the chirality in a
space spanned by two Weyl points, τ± = (τx ± iτy )/2, σ0 and
τ0 are 2×2 identity matrices, T = iτx σy K is the time reversal
operation, and K is the complex conjugation operation.
The BdG Hamiltonian in Eq. (2) conserves the inversion
symmetry P = I2×2 ⊗ P with P = τx σz but breaks timereversal symmetry T = I2×2 ⊗ T , where I2×2 is 2×2 identity
matrix for the electron and hole and P is a unitary matrix
independent of p and r. We can show that P HBdG (π, r)P−1 =
HBdG (−π, −r) and T HBdG (π ∗ , K )T−1 = HBdG (−π , −K )
(T HBdG (p + (e/c)A, K )T−1 = HBdG (p − (e/c)A, − K ))
[71,72]. The change that K → −K implies that the timereversal symmetry is not preserved. The BdG Hamiltonian
is invariant under charge-conjugation (or particlehole) symmetry with C HBdG (p∗ + (e/c)A, K )C−1 =
−HBdG (−p + (e/c)A, K )
({C, HBdG (π, K )} = 0, {· · · }
is an anticommuting relation), where C = λy τx σy K is
charge-conjugation (particle-hole) operator and λy is a Pauli
matrix for the electron-hole degree of freedom. The chiral
symmetry is represented by operator S = TC [71,72], a
combination of particle-hole and time-reversal symmetry. It is
found that S HBdG (π, K )S−1 = −HBdG (p − (e/c)A, −K ).
The change of Weyl nodes under the S reflects the fact that
the Weyl superconductor has the chiral symmetry with a pair
of nodes of opposite chirality.
B. The wave functions of the quasiparticle excitations

The wave functions of the quasiparticle excitations in
the WSM and SWSM regions can be expressed as a linear
combination of eigenstates of BdG equations. Considering the
nonzero magnetic field in the WSM and the gap function in the

1. Energy spectrum of a WSM

where n is a real integer number, E0 = h̄vF / lB with lB =
√
c h̄/|eB|, kzκ = kz − κK with κ = ±1 for the chirality of
two Weyl nodes, η = ±1 are for the electronlike (+) and
holelike (−) branches. The eigenstates of Eq. (1) take the
iky y+ikz z
form W
, where λ = ±1 are
κ,η,λ (Xky , kz , E, x ± Xky )e
2
for spin subbands, Xky = −ky lB is the guiding-center coordinate for cyclotron motion, and ±Xky correspond to the
cyclotron motions of electrons and holes, respectively. Functions W
κ,η,λ (Xky , kz , E, x ± Xky ) are the 8×1 column matrices with a parabolic cylinder function of variable x ±
Xky . The asymptotic limit of the wave function vanishes,
 W (x → −∞) = 0. We give the analytical expressions of
W
κ,η,λ=−1 (Xky , kz , E, x ± Xky ) in Appendix A.
2. Energy spectrum of a SWSM

In the SWSM, the magnetic field is absent and the solutions
of the BdG equation depend on the pairing. In the following,
we solve the BdG equation with respect to the BCS pairing
and the FFLO pairing, respectively.
(a) BCS pairing. In Eq. (4), B = 0 and F = 0. With
the same annotation specifying indices κ, η, and λ, the eigenvalues of the BdG equation (1) are found as
(B )
Eκ,η,λ

E0
= ηλ



0
E0

2 
 

EF 2
h̄vF k κ 2
+
+
−λ,κ (kz , EF ),
E0
E0
(6)

where the superscript “B” indicates the BCS pairing,
λ,κ (kz , EF )
  

 


0 2 h̄vF kzκ 2
EF 2 h̄vF k κ 2
= 2λ
+
,
E0
E0
E0
E0

(κ,λ,η) 2
with k κ = [kx
] + ky2 + kzκ2 and


η
kx(κ,λ,η) =
κ (ky , kz , E) + 2λ κ (kz , E).
h̄vF

(7)

(8)

Here κ (ky , kz , E) = −20 + EF2 + E 2 − ( h̄vF )2 (ky2 + kzκ2 )
and
κ (kz , E) = 20 [( h̄vF kzκ )2 − EF2 ] + EF2 E 2 .
The
eigenstates characterized by the indices (κ, λ, η) take the
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(κ,λ,η)

)
ikx
x+iky y+ikz z
form S(B
. Equation (8) shows
κ,η,λ (ky , kz , E)e
(κ,λ,η)
that kx
is purely imaginary for κ (kz , E) > 0, while
(κ,λ,η)
kx
= η(λk
kx =
x + ikx ) for κ (kz , E)  0, where
√
√
(1/ 2h̄vF )
2κ + 4|κ | + κ and kx = (1/ 2h̄vF )

(κ,λ,η=+1)
2κ + 4|κ | − κ . The imaginary part in kx
guarS
antees the asymptotic convergence  (x → +∞) = 0 for
the wave function in region SWSM. The analytical function
)
expressions of S(B
κ,η=+1,λ (ky , kz , E) are given in Appendix A.
(b) FFLO pairing. In Eq. (4), B = 0 and F = 0 .
(F )
of BdG equation have the same
The eigenvalues Eκ,η,λ
form as that given in Eq. (6) but with λ,κ (kz , EF ) =
(κ,λ,η)
2λ|EF /E0 |( h̄vF k κ /E0 ) and kx
= η(λkx + ikx ), where

√
2κ + 4(20 − E 2 )EF2 + κ and kx =
kx = (1/ 2h̄vF )

√
(1/ 2h̄vF )
2κ + 4(20 − E 2 )EF2 − κ . The superscript

“F ” indicates the FFLO pairing. The eigenstates take the
(κ,λ,η)
)
ikx
x+iky y+ikz z
form S(F
. The imaginary part
κ,η,λ (ky , kz , E)e
(κ,λ,η=+1)
of kx
is nonzero so that the asymptotic convergence  S (x → +∞) = 0 is guaranteed. The analytical func)
tion expressions of S(F
κ,η=+1,λ (ky , kz , E) are also given in
Appendix A.

3. The wave functions of the quasiparticle excitations

In writing the wave function in a WSM/SWSM hybrid
structure, the electron-to-hole conversion with the BCS and
the FFLO pairings should be considered. Let us first analyze
the electron-to-hole conversion with the BCS and the FFLO
pairings. Due to the nature of the internode pairing for the
BCS states and the intranode pairing for the FFLO states,
the ARs related to the electron-to-hole conversion can occur
at different Weyl nodes. Specifically, when an electron in
the state at the node Kκ with kz moves toward the interface
of a WSM/SWSM from the WSM side, it forms a Cooper
pair with another electron in the state at the node Kκ with
(κ + κ )K − kz . It results in a hole in the state at the node
Kκ with kz − (κ + κ )K. The pairing state has a momentum
k = (κ + κ )K. Therefore, the Andreev reflected hole is in
the state at the same node as that of the incident electron
for the FFLO pairing (κ = κ), while in the state at the node
with an opposite chirality for the BCS pairing (κ = −κ).
Because the AR can occur for precipitating electrons in the
states at both nodes, the holes for the AR are of the equal
rights for two nodes in the WSM. As a consequence, there
exist not only two possible electron reflection processes but
also two possible electron-to-hole conversion processes at the
WSM/SWSM interface. The difference between the BCS and
the FFLO pairings is microscopic, i.e., the “converted” hole
is in a Weyl node different from its precipitating electron
for the BCS pairing while within the same Weyl node as its
precipitating electron for the FFLO pairing.
Taking into account all possible electron-to-hole conversions at the WSM/SWSM interface, the wave functions of
the quasiparticle excitations with the energy E in the regions

x < 0 and x > 0 can be expressed in the form of

λ=−1 W
cκ,η
κ,η,λ=−1 E, Xky , kz , x ± Xky
< (x, y, z) = A
κ,η

× eiky y+ikz z
and
>(B/F ) (x, y, z) = A

(9)



S(B/F )

λ
dκ,η=+1
κ,η=+1,λ (E, ky , kz )

κ,λ
(κ,λ,η=+1)

× eikx

x+iky y+ikz z

,

(10)

respectively, where A = (Ly Lz )−1/2 , the superscripts “B” and
(B/F )
“F ” of the wave functions in >
refer to the type of
pairing in the SWSM. The required normalization condition is
+∞
held by −∞ Ly Lz dr † (r)(r) = 1, where (x, y, z) =
(B/F )

< (−x) + > (x) and the integration is taken over the
entire WSM/SWSM stretching region. The wave functions in
Eqs. (9) and (10) promise the coherent superpositions of an
electron and a hole in the WSM region and those of evanescent
excitations in the SWSM region. They are constrained in the
vicinity of interface so that the wave functions are asymptotically convergent.
C. The excitation spectra in relation to the BCS
and FFLO pairings

In order to investigate the coherent superposition of electron and hole states, which is accompanied by the electronto-hole conversion, the energies E of electron and hole excitations are restricted within the range of |E|  0 , where
0 is the magnitude of the pair potential. Electron and hole
cannot enter the SWSM region, with the constraint of energies
|E|  0 , unless a Cooper pair is formed in the SWSM.
The boundary condition requires < (x = 0) =
(B/F )
>
(x = 0) at x = 0. This leads a set of linear
λ
λ=−1
homogeneous equations for the coefficients cκ,η
and dκ,η=+1
in Eqs. (9) and (10). Vanishing the coefficient determinant, we
can obtain the excitation spectrum. For the excitation energy
E within the range of 0 , the WSM/SWSM hybrid structure
under a magnetic field, the quantum number n in En,η,κ is no
longer an integer number but depends on E and kzκ , which
is different from the pure WSM under a magnetic field. We,
therefore, rewrite the quantum number n as a function of E
and kzκ as nη,κ = [(E + ηEF )2 − ( h̄vF kzκ )2 ]/2.
For simplicity, we have considered an ideal interface in the
calculations. The discrete excitation spectra are demonstrated
in Figs. 1(a) and 2(a) for the BCS pairing and Figs. 1(b) and
2(b) for the FFLO pairing, where the yellow, green, cyan,
magenta, and blue curve surfaces correspond to the Weyl LLs
N = −2, −1, 0, 1, and 2, respectively. The pair potential has
been taken as 0 = 4E0 and K = 5/ lB for demonstration
purposes, where the length is scaled in units of lB and the
energy in E0 . In order to illustrate the impact of Fermi energy
on the excitation spectra, two values of Fermi energy, EF = 0
(Fig. 1) and 0.4E0 (Fig. 2), are chosen in the calculations.
In Figs. 1 and 2, an auxiliary plane in gray color has been
introduced as a reference for the zero-energy cross section.
Let us look at the excitation spectra with the Fermi energy
EF . Some symmetries can be found in the excitation spectra
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FIG. 1. Energy dispersions EN (Xky , kz ). (a) The BCS pairing
and (b) the FFLO pairing. EF = 0.0E0 , the pair potential 0 = 4E0 ,
and K = 5/ lB . The LL indices: N = −2 (yellow), N = −1 (green),
N = 0 (cyan), N = 1 (magenta), and N = 2 (blue). The gray plane
is an auxiliary zero-energy plane for reference.

EN (EF , Xky , kz ) for the BCS and the FFLO pairings. It
is shown that EN (EF , Xky , kz ) = −E−N (EF , −Xky , kz )
and
EN (EF , Xky , kz ) = EN (EF , Xky , −kz )
for
the
BCS
pairing,
while
EN (EF , Xky , kz ± K ) =
−E−N (EF , −Xky , −(kz ± K )) and EN (EF , Xky , kz ) =
EN (EF , Xky , −kz ) for the FFLO pairing. When EF = 0, there
exist additional relations EN=0 (EF = 0, Xky , kz ± K ) =
EN=0 (EF = 0, −Xky , −(kz ± K )) for the BCS pairing and
EN=0 (EF = 0, Xky , kz ) = EN=0 (EF = 0, −Xky , kz ) for the
FFLO pairing.
Because BdG equation describes the states of quasiparticle
excitations with the excitation energy above the Fermi
energy EF , the excitation spectrum is sensitive to the Fermi

PHYSICAL REVIEW B 98, 155317 (2018)

energy and the Weyl LLs are shifted as the Fermi energy
changes. Physically, the coherence among those electron
and hole LL states within the energy gap |E|  0 causes
the spectra to be dependent on the Fermi energy. Intuitively,
the change of the Fermi energy results in a deformation
of those LLs within interval of 0 . Figure 2 is the energy
dispersions with EF = 0.4E0 . It is found that the spectra
of the electronlike levels shift downward by an amount EF ,
while the holelike energy levels shift upward by the same
amount. As a consequence, the N = 0 LL for the FFLO
pairing becomes Xky dependent when EF = 0 [Figs. 1(b) and
2(b)]. Although the deformation arises in the spectra with
change of EF , the particle-hole symmetry is still intact. To
exhibit the particle-hole symmetry for the BCS and FFLO
pairings, we define an asymptotical difference for Xky → ∞,
ENbulk (EF , kz ± K ) = | α=±1 αEN=0 (EF , αXky , kz ±
K )|Xky →∞ |. ENbulk (EF , kz ± K ) is the spacing of LLs
between the electron and the hole with the same quantum
number N . Figures 1 and 2 show that the dispersion of the
zeroth LL is qualitatively different from those LLs with
N = 0. The zeroth LL is chiral, i.e., it disperses one way for
each Weyl node. The group velocity ∂EN=0 (EF , Xky , kz )/∂kz
changes the sign under Xky → −Xky for the BCS pairing
but keeps the same sign for the FFLO pairing. The opposite
slopes in EN=0 (EF = 0, ±Xky , kz ) with respect to kz for
the BCS pairing imply that the electrons and holes come
from different Weyl nodes as having been analyzed. The
Xky -independent slopes for the FFLO pairing imply that
the electrons and holes come from the same Weyl node,
as expected with the FFLO pairing. With the relations
bulk
given above, we find EN=0
(EF , kz ) = 2|EF − (K ± kz )|
bulk
and EN =0 (EF , kz ) = 2EF for the BCS pairing, while
ENbulk (EF , kz ) = 2EF for the FFLO pairing.
The zeroth LL crosses with the zero-energy reference
plane. It is shown that the zero-energy cross contours with
E = 0 are given by Xky = 0 [as shown by the black solid
lines in Figs. 1(a) and 2(a)] and kz ± K = ±EF [as shown
by the white dotted lines in Figs. 1(a) and 2(a)] for the BCS
pairing, while by (K ± kz )lB + EF /E0 tanh(1.3Xky lB ) = 0
for the FFLO pairing [as shown by the white dotted lines in
Figs. 1(b) and 2(b)]. The zero-energy line is independent of
Xky when EF = 0 but depends on the Xky if EF = 0 for the
FFLO pairing.

D. The edge states and their wave-function profiles

FIG. 2. Energy dispersions EN (Xky , kz ). (a) The BCS pairing
and (b) the FFLO pairing. EF = 0.4E0 , the pair potential 0 = 4E0 ,
and K = 5/ lB . The LL indices: N = −2 (yellow), N = −1 (green),
N = 0 (cyan), N = 1 (magenta), and N = 2 (blue). The gray plane
is an auxiliary zero-energy plane for reference.

The edge states emerge due to the interplay between the
effect of magnetic field and the coherent superposition of
quasiparticle states in the hybrid. In comparison with the
quantized LLs, En,η,κ shown in Eq. (5), with the numerical plots in Figs. 1 and 2, the dispersions of Weyl LLs
EN (EF , Xky , kz ) become ky dependent. The mode-dependent
velocity in the y direction, defined by ∂EN (EF , Xky , kz )/∂ky
in the N th mode, is along the interface. The edge states
evolve into the ky -independent LLs in the region far from
the interface. Correspondingly, the mode-dependent velocity
in the y direction for each mode vanishes at Xky → ±∞.
To concretely illustrate the wave-function profiles of edge
excitations, we choose Xky and kz relevant to the edge
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excitations. Figure 3 shows the wave-function profiles with
the BCS pairing [Figs. 3(a) and 3(b)] and the FFLO pairing
[Figs. 3(c) and 3(d)] in a WSM/SWSM hybrid structure,
where we choose Xky = 0, EF = 0.4E0 , and 0 = 4E0 in
the calculations. The wave-function profiles for the spectra
of N = 0, ±1, ±2 levels are calculated. Two values kz =
(5 ± 0.5)lB−1 correspond to that kz takes the value around the
node point K. Figure 3 shows that the wave functions of
edge excitations are nonholonomic and are localized to the
interface. The wave-function profiles of the edge excitations
for the BCS and the FFLO pairings have different features.
To demonstrate the different real space distribution of edge
states compared to bulk states under a magnetic field, we also
calculate the wave-function profiles with Xky = −10lB , which
correspond to the bulk states. Figures 4(a) and 4(b) are for
the BCS pairing, while Figs. 4(c) and 4(d) are for the FFLO
pairing. It is shown that different from those with Xky = 0,
the wave-function profiles with Xky = −10lB characterize the
holonomic distribution of states under a magnetic field and are
localized inside of the WSM. The wave functions of the bulk
states are the same for two distinct pairings.

FIG. 4. The bulk excitation profiles for the spectra of N = 0,
±1, ±2. (a) and (b) are for the BCS pairing. (c) and (d) are for the
FFLO pairing. Xky = −10lB , EF = 0.4E0 , and 0 = 4E0 are used
in the calculations.

is increased to 0.8E0 [Fig. 5(b)], the N = ±1 LLs are present
in the energy window [−0 , 0 ]. The peak at E = 0 is
reduced for the BCS pairing and two additional peaks appear
at E = ±0.5E0 for both the BCS and the FFLO pairings.
Further, the peaks
√ correspond to the N = ±1 LLs being
squeezed to ±( 2E0 − 1.3E√
0 ) ≈ ±0.14E0 for EF = 1.3E0
[Fig. 5(c)] and ∓(1.5E0 − 2E0 ) ≈ ∓0.084E0 for EF =
1.5E0 [Fig. 5(d)]. The nonzero value around E = 0 resulting
from the N = ±1 LLs crossing the zero-energy reference
plane (the auxiliary gray plane in Figs. 1 and 2). Similarly, for
EF = 1.8E0 and 2.1E0 , the N = ±2 LLs access the energy
window [−0 , 0 ] and two more additional peaks appear at
±(2E0 − 1.8E0 ) ≈ ±0.2E0 and ∓(2.1E0 − 2E0 ) ≈ ∓0.1E0 .
BCS
FFLO
EF=0.0E0

(b)

EF=0.8E0

80 (c)

EF=1.3E0

(d)

EF=1.5E0

EF=1.8E0

(f)

EF=2.1E0

10

E. The density of states for the LL spectra

The DOS for |E|  0 reveals some interesting features. As a demonstration, we select some specific values
of EF near the first three LLs. The DOSs with EF =
0.0E0 , 0.8E0 , 1.3E0 , 1.5E0 , 1.8E0 , and 2.1E0 are shown in
Figs. 5(a)–5(f), respectively, where the value 0 = 0.5E0 has
been taken for the demonstration. The black curves are for
the BCS and the red curves are for the FFLO pairings. For
EF = 0.0E0 , there is only N = 0 LL in the energy window
[−0 , 0 ]. Figure 5(a) shows that the DOS has a peak at
E = 0 for the BCS pairing while the DOS is constant for the
FFLO pairing. The appearance reflects the difference of the
zeroth LL DOS for the two pairings. When the Fermi energy

(a)

15

DOS[arb. units]

FIG. 3. The edge excitation profiles for the spectra of N = 0,
±1, ±2. (a) and (b) are for the BCS pairing. (c) and (d) are for the
FFLO pairing. Xky = 0, EF = 0.4E0 , and 0 = 4E0 are used in the
calculations.

40

150

(e)

100
50
-0.4

0.0
E[E0]

0.4 -0.4

0.0
E[E0]

0.4

FIG. 5. The DOS for the BCS and the FFLO superconducting
parings with EF = 0.0E0 , 0.8E0 , 1.3E0 , 1.5E0 , 1.8E0 , and 2.1E0 .
0 = 0.5E0 .
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Figure 5 shows that when EF is within the range between
the N = 0 and 1 LLs, the DOSs for the energy around Fermi
energy exhibits different features for two pairings. Such a
difference between the DOS for the two pairings becomes
smaller at the higher LLs. The feature of the DOS is consistent
with what was seen in the last subsection: Only the zeroth LL
in the excitation spectra is relevant to the way of pairing. The
property exposed in EF -dependent DOS can be used to tune
the states in the WSM/SWSM hybrid structure by varying the
Fermi energy.

EF[E0]

2.0

EF[E0]

0.0
2.0

κ=±

†

,κ (σx , σy , κσz )v ,κ ]

0.00

-0.02

-0.04

(b) FFLO
-6

-3

0
x[lB]

(12)

κ=±

with u ,κ = (u ,κ↑ , u ,κ↓ )T and v ,κ = (v ,κ↓ , v ,κ↑ )T .
Specific to our WSM/SWSM hybrid structure where
the magnetic field is in the z direction, we focus on the
y component of probability current density, J P,u,y (x) =
dydzj P,u,y (x, y, z) and J P,v,y (x) = dydzj P,v,y (x, y, z).
The charge current density can be obtained using the probability current density multiplied by the corresponding charge.
According to Datta and Bagwell [73], the charge current density can be further expressed as the sum of a BdG quasiparticle
current (BdGC) and a vacuum current (VAC) [73] JyQ (x) =
Q
Q
(x) + JVAC,y
(x), where
JBdGC,y


Q
(x) = (−e)
J P,u,y (x) − J P,v,y (x) f
(13)
JBdGC,y

3

FIG. 6. The energy-dependent current density distribution in the
vicinity of the WSM/SWSM interface. (a) for the BCS superconducting pairing and (b) for the FFLO superconducting pairing. 0 =
0.5E0 and δEF = 0.01E0 for the Fermi energy difference between
the WSM and the SWSM are used in the calculations.

and

From the time-dependent BdG equation, i h̄∂t  = HBdG ,
the continuity equation for the probability current of
electronlike and holelike quasiparticles can be derived
[73], ∂t ρ P (x, y, z) + ∇ · jP (x, y, z) = S P , where ρ P =
T
(ρ P ,u , ρ P ,v ) is the probability density of quasiparticles,
P
P
j = (j ,u , jP ,v )T is the probability current density,
S P = (S , −S T ), and
stands for the quasiparticle state
†
of energy EN (Xky , kz ). ρ P ,u = κ=± u ,κ u ,κ , ρ P ,v =
†
†
κ=± v ,κ v ,κ , and S = (2/h̄)
κ=± Im (u ,κ v ,−κ ).
jP ,u and jP ,v are the probability current of electronlike and
holelike quasiparticles, respectively, written as,
 †
jP ,u (x, y, z) = vF
[u ,κ (σx , σy , κσz )u ,κ ]
(11)

[v

0.02

1.0
0.0

A. The derivation of the transverse current density



(a) BCS

1.5
0.5

To see the influence of the pairing and the effect of a
magnetic field on the electronic transport properties, we investigate the spatial current distributions in the area adjacent
to the interface of a WSM/SWSM hybrid structure. In the
following, we first derive the analytic formula of the current
density. Then, we calculate the spatial distributions of transverse charge current in the WSM/SWSM hybrid structure with
two superconducting pairings numerically.

jP ,v (x, y, z) = −vF

1.0
0.5

III. TRANSVERSE CURRENT DISTRIBUTION
IN THE VICINITY OF THE INTERFACE
BETWEEN WSM AND SWSM

and

1.5

Q
(x) = (−e)
JVAC,y



J P,v,y (x),

(14)

−1

respectively; f = [eβ(E −EF ) + 1] is the Fermi-Dirac distribution. The transverse (y component of) charge current
distribution is then rewritten in the form


f J P,u,y (x) + (1 − f )J P,v,y (x) . (15)
JyQ (x) = (−e)

B. The spatial distributions of transverse charge current
in the WSM/SWSM hybrid structure

With these formulas and the wave functions obtained in
Sec. II, we shall calculate the spatial distribution of transverse
charge current at zero temperature for two different pairings, respectively. Based on the parameters from experiments:
B ∼ 1 T [74], vF ∼ 105 m/s [12,13], and Tc ∼ 9 K for the
proximity effect of a superconductivity of a WSM caused
extrinsically [55,74,75] and intrinsically [18,76], the parameters used in our calculations are given as: E0 = h̄vF / lB ≈
2.5 meV, δEF = 0.01E0 , and 0 = 0.5E0 .
The distributions of transverse current, for the BCS and the
FFLO pairings, as a function of Fermi energy [in units of J0 =
eE0 /(2π hlB2 )] are shown in Figs. 6(a) and 6(b), respectively.
It is found that the transverse current is mainly concentrated
in the vicinity of the interface. The transverse current density
behaves quite differently in the WSM and the SWSM regions.
In the WSM side, the transverse current density oscillates
away from the interface and tends to vanishing asymptotically.
The node number of oscillations in the spatial distributions
of current depends on the Weyl LL indices and increases
with an increase of Fermi energy. In the SWSM side, the
current density displays a periodic oscillation, which is a
result of magnetic quantization of the energy in the WSM
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and the supercurrent flowing in the SWSM. The same spatial
pattern of the current distribution under the BCS and the
FFLO pairings indicates that the transverse current is not
affected by the nature of pairings. The spatial distributions
of transverse current depend mainly on the consequence that
the phase-coherent electron-hole states are produced, which
are responsible for the magnetically induced edge states supported by the Weyl LLs.
In Sec. II, we have shown that the energy dispersion of the
zeroth LL and the DOS of the quasiparticle excitations are
dependent on pairing; the results of the spatial distributions
of transverse current indicate that those differences arisen
from the zeroth LL disappear when the sum is taken over all
possible states for a given energy. Only those effects related
to the edge excitations associated with the Weyl LLs are
survived. As a consequence, the transverse current distribution
does not depend on the details of pairing. From a semiclassical
point of view, the cyclotron motion with the trajectory in a
collision at the interface is not affected by the microscopic
pairing mechanism.

σAR/σ0

15 (a)

5

BCS-CD
FFLO-CD
BCS-LB
FFLO-LB

I/I0 ( 0.01)

dσAR/dEF[σ0/E0]

0

IV. THE TRANSVERSE CONDUCTANCE IN A
SWSM/WSM/SWSM HYBRID STRUCTURE
A. Calculation of the transverse conductance
from the current distribution

The total transverse current can be obtained from the
Q
Q
+ IVAC,y
= dxJyQ (x).
spatial distributions, IyQ = IBdGC,y
To study the transverse conductance, we consider a
SWSM/WSM/SWSM hybrid to calculate the transverse current with different chemical potentials in two SWSMs. The
WSM layer is assumed to be wide enough so that edge
states of the two interfaces are not overlapped. Under a
magnetic field, the distributions of charge current are constrained mainly within the areas adjacent to the interfaces of
WSM/SWSM. The directions of transverse current near the
left interface are opposite to those near the right interface.
Under a finite bias, the chemical potentials in two SWSM differ by an amount, δEF = EF R − EF L = 0. A net transverse
current is generated under the bias. In the present setup, the
bias voltage V = δEF /(−e) is in the x direction, while the
transverse current is in the y direction. The transverse current
Q
is given by IH = i=L,R dxJy,i
(x), where the integration is
taken along the secant line perpendicular to the interfaces over
the whole SWSM/WSM/SWSM structure. Because JyQ (x) =
Q
Q
(x) + JVAC,y
(x), IH can be written in the form IH =
JBdGC,y
(I
+
IQ,V AC,i ), where the subscripts R and
Q,BdGC,i
i=L,R
L stand for the integrated current of the right SWSM/WSM
hybrid and the left WSM/SWSM hybrid, respectively.
The transverse conductance is defined by σAR = IH /V .
We show the transverse conductance σAR in Fig. 7(a) in a
unit σ0 = e2 /(π hlB ). Figure 7(a) shows that the conductance
is proportional to the Fermi energy EF when EF is between
the N = 0 and 1 LLs. When the EF is between the N = 1
and 2 LLs, one more LL contributes and the slope of the conductance becomes steeper. Figure 7(a) indicates that the BCS
and the FFLO pairings give the same EF -dependent σAR . The
pairing independence of the transverse conductance can be
understood as follows. The transverse conductance contains

10

(b)

20
10

BCS-LB
FFLO-LB

0
0
2 (c)
1
0
-1
-2

1

2

EF[E0]

BCS-CD
FFLO-CD
BCS-LB
FFLO-LB

4.5

5.0

kz[1/lB]

5.5

FIG. 7. (a) Transverse conductances σAR versus EF for the BCS
and the FFLO superconducting pairing. The black circles for the
BCS-CD and the red squares for the FFLO-CD are calculated by
the current distribution (CD). The magenta diamonds for the BCSLB and the blue down triangles for the FFLO-LB are calculated
by the Landauer-Büttiker formula (LB). The green dashed curve
is the transverse conductivity for an infinite WSM without superconducting electrodes and the cyan solid curve is the double result
of this green dashed curve. (b) The derivation of the conductances
with respect to the Fermi energy. (c) Current distribution I (kz ) as
a function of kz around kz = 5/ lB . EF = 0.4E0 , 0 = 0.5E0 , V =
−δEF /e = −0.01(E0 /e), σ0 = e2 /(π hlB ), and I0 = eE0 /(2π h).

two contributions, the intrinsic chiral anomalous Hall conductance [45,77] and the Hall-like conductance. The intrinintri
sic chiral anomalous Hall conductance, σxy
= e2 K/(2π 2 h̄2 )
(when the chemical potential is exactly at the Dirac point),
originates from the chirality of the zeroth LL in the two
Weyl node points and is independent of magnetic field. The
Hall-like conductance induced by the magnetic field is a direct
physical consequence of the topology of the Weyl Landau
band structure. In the WSM/SWSM hybrid structures, the
intrinsic chiral anomalous Hall current can be generated in
both the WSM [78,79] and the SWSM [80]. The intrinsic part
of currents in the two flanks of the interface have the same
magnitude but opposite directions, so that the intrinsic chiral
anomalous Hall currents formatted in the area adjacent to the
interface offset each other. As a result, the intrinsic chiral
anomalous Hall conductance is absent in the transverse conductance [81]. However, the Hall-like conductance associates
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with the magnetic field [82]. We have assumed no magnetic
field in the SWSM, the Hall-like current then presents in the
WSM only. As a consequence, the contribution induced by the
magnetic field survives. Physically, the electron and Andreev
reflected hole in the WSM side are governed by the same
law of motion and characteristic properties connected with the
topological structure of the WSM. The difference of momenta
between the Andreev reflected holes for the BCS and the
FFLO pairings is perpendicular to the interface and parallel
to the direction of applied magnetic field, therefore, their
cyclotron motion in the vicinity of WSM/SWSM interface
is not influenced by the details of pairings. The motion of
edge excitations is topologically well defined. The transverse
conductance embodies the general topological properties of
the edge excitations in the WSM under the magnetic field.
It is invariant when all available states are included. As a
result, the macroscopic transverse conductance is independent
of the details of pairing. For the purpose of comparison, we
calculate the transverse conductivity in the infinite WSM by
using the theoretical method given in Ref. [83]. The result is
diagramed in Fig. 7(a) with a green dashed curve. It is found
that the results obtained in the SWSM/WSM/SWSM hybrid
structure are enhanced by a factor 2 due to the ARs. It shows
an edge-bulk correspondence in the WSM/SWSM hybrid
structure. Our results confirm this fundamental property of
electromagnetic response of many particle systems.
B. Four-terminal SWSM/WSM/SWSM hybrid structure

In order to provide a quantitative understanding of the
charge transport due to the edge excitations, we apply
Landauer-Büttiker formula [84] to a four-terminal hybrid
structure and analyze the transverse conductance obtained
by the current distributions. The diagrammatic sketch of a
four-terminal hybrid structure is shown in Fig. 8, where the
left (L), right (R), upper (U ), and down (D) terminals are in
the x-y plane. Among them the left and the right terminals
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are the SWSM while the upper and the down terminals are the
WSM. The terminals L, R, U, and D are with the chemical
potentials μL , μR , μU , and μD , respectively. As a magnetic
field along the z direction, σxz = 0. Denoting the excitation
energy of the electron above the Fermi energy EF by E and
assuming that the terminal supports M channels (transverse
modes at the Fermi energy), the current in terminals L, R, U,
and D read
e
IL = IU L − ILD = − RAL (μL − μD ),
h
e
IR = IDR − IRU = − RAR (μR − μU ),
h
IU = IDU + IRU − IU D − IU L
e
= − [M (μU − μD ) − RAL (μL − μD )],
h

(16)
(17)

(18)

and
ID = IU D − IDU + ILD − IDR
e
= − [M (μU − μD ) − RAR (μR − μU )],
h

(19)

respectively, where RAL and RAR are the AR coefficients at
the left and the right interfaces of WSM/SWSMs.
For the BCS pairing, the number of edge channels M is
given by


MN Xky , kzκ ,
(20)
M = (1/2π ) dkz
N,ky ,κ

where MN (Xky , kzκ ) = −δN0 sgn(EF + κ h̄vF kzκ ) + (1 − δN0 )
while M for the FFLO pairing is


1.
(21)
M = (1/2π ) dkz
N,ky

The integration and the sum in Eqs. (20) and (21) are taken
over all the allowed channels specified by the energies
EN (Xky , kz ). The reflection probabilities of electronlike
and holelike quasiparticle states at the left and the right
(e)
=
interfaces of WSM/SWSMs are given by RN,X
ky ,kz ,AL
(he)
(e)
(he)
(h)
, RN,X
= TN,X
, RN,X
=
TN,X
ky ,kz ,LD
ky ,kz ,AR
ky ,kz ,RU
ky ,kz ,AL
(eh)
(h)
(eh)
, and RN,X
= TN,X
, respectively,
TN,X
ky ,kz ,LD
ky ,kz ,AR
ky ,kz ,RU
(ab)
is the transmission probability of the mode
where TN,X
ky ,kz ,ij
(N, Xky , kz ) from the type b quasiparticles in terminal j to
the type a quasiparticles in terminal i, a and b represent
the electronlike (e) and the holelike (h) quasiparticles,
and i, j (= L, R, U, D) note the left, right, up, and
down terminals, respectively. The particle conservation
is ensured by the relations among these transmission
(ee)
(he)
(ee)
+ TN,X
= 1, TN,X
+
probabilities, TN,X
ky ,kz ,LD
ky ,kz ,LD
ky ,kz ,RU
(he)
(hh)
(eh)
= 1, TN,X
+ TN,X
= 1,
TN,X
ky ,kz ,RU
ky ,kz ,LD
ky ,kz ,LD
(hh)
TN,X
ky ,kz ,RU

FIG. 8. The diagrammatic sketch of the four-terminal SWSM/
WSM/SWSM hybrid with the chemical potentials μL , μU , μR , and
μD , respectively.

(eh)
TN,X
ky ,kz ,RU

and

+
= 1. Therefore, the AR coefficients are found as

dkz  (he)
(eh)
RAL =
T
(22)
+ TN,X
ky ,kz ,LD
2π N,k N,Xky ,kz ,LD
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from all LLs within [−0 , 0 ], we arrive at

and

RAR =

dkz  (he)
(eh)
T
.
+ TN,X
ky ,kz ,RU
2π N,k N,Xky ,kz ,RU

E

σAR (EF )
EF
=2
+4
σ0
E0

(23)

y

The derivation of these probabilities related to the incoming
edge excitations are presented in Appendix B.
By requiring IL = IR = 0, we have μD = μL and
μU = μR . The charge current flowing between terminals U
and D is found as IU = −ID = IH = −(e/ h)M (μR − μL ).
The transverse conductance is defined as σAR =
IH /[(μR − μL )/(−e)]. Hence, σAR is found as


1
σAR
lB 
=
dkz
σ0
2 N,k
y

κ

MN

(FFLO),
Xky , kzκ (BCS).

Int[ 21 ( EF )2 ] 

(24)

0

N=1

EF
E0

2
− 2N ,

(25)

where Int[x] gives the integer part of x.
However, for the FFLO pairing, the edge excitations are
restricted to a disk, ( h̄vF ky )2 + ( h̄vF kzκ )2  EF2 . The kz integration is taken in the interval [−EF /h̄vF , EF /h̄vF ]. The
kz -dependent current produced from the zeroth LL is shown
in Fig. 7(c). The contribution from the zeroth LL is given as
2σ0 (EF /E0 ). Including those contributions from the higher
LLs, it is found that σAR changes
 gradually from 0 to
Int[(E /E )2 /2]
(EF /E0 )2 − 2N , which
2σ0 (EF /E0 ) + 4σ0 N=1 F 0
is the same as that of the BCS pairing’s.
V. SUMMARIES AND CONCLUSIONS

To calculate σAR , we employ the excitation spectra obtained in Sec. II C with the energy |E| < 0 in the calculations of MN (Xky , kz ). We show the results with a subscript
“LB” in Fig. 7(a), where the same parameters as those given in
Sec. III B are used. It is found that the results calculated from
the edge-channel description are the same as those obtained
by using the current distribution in Sec. III. The results
unambiguously confirm the visualization that the contribution
of edge excitations associated with the LL structures to the
transverse conductance is significant.
It is interesting to note that dσAR (E)/dEF exhibits the
quantized signatures in the LL intervals. The slope in each
interval between the adjacent LLs can be understood from the
quantization of 3D electronlike and holelike quasiparticle motion. Figure 7(b) shows that the plateaus appear with a finite
value 2σ0 /E0 for N = 0 LL, 8σ0 /E0 (tendency) for N = 1
LL, and 14σ0 /E0 (tendency) for N = 2 LL. This reflects the
nature of the magnetic quantization of a 3D system.
Now let us analyze the contributions from the zeroth LL
and see why the BCS and FFLO pairings give the same
conductance when EF sweeps within the interval between
the zeroth and the first LLs. Equation (6) shows that the
BCS pairing gives rise to an
 effective gap 0 sin θ and an

effective chemical potential EF2 + 20 cos θ 2 in the SWSM,
where θ = arccos (kzκ /k). This implies that the edge excitations are restricted in the elliptical disk
 with semiminor and semimajor axes EF /( h̄vF ) and EF2 + 20 /( h̄vF ).
in IH is taken in the interval
Therefore,
kz integration



[− 20 + EF2 /h̄vF , 20 + EF2 /h̄vF ] for the zeroth LL. As
shown in Fig. 7(c), there is a sudden change in the sign of
the kz -dependent current at kz+ = −EF /h̄vF [we show this
with EF = 0.4E0 and I0 = eE0 /(2π h)]. The contributions
from regions kz+ < −EF /h̄vF and kz+ > −EF /h̄vF cancel
each other for the BCS pairing. Therefore, the contribution
from the zeroth LL is given by σAR |EF <√2E0 = 2σ0 (EF /E0 ).
The contributions from the higher LLs (N  1) can be analyzed in the same way. For example, the contribution from
the first LL is given by σAR |√2E0 EF <√4E0 = 2σ0 (EF /E0 ) +

4σ0 (EF /E0 )2 − 2N. Summing over these contributions

In summary, we have studied the edge excitations in the
WSM/SWSM hybrid structures under a magnetic field. The
coherent superposition of electron and hole states, associated
with the Andreev electron-to-hole conversions at the interface
of the WSM/SWSM hybrid, for the FFLO and nodal BCS
superconducting pairing states, are investigated.
The energy spectra of quasiparticle excitations show that
the energy dispersions of the zeroth LL exhibit different
features for two pairing modes, while the energy dispersion of
N = 0 LLs are qualitatively the same. The excitation spectra
are sensitive to the Fermi energy. In comparison with the case
of EF = 0, it is found that the ky -independent zero-energy
lines are shifted from kz = ±K to ±(K − EF /h̄vF ) for the
BCS pairing, while they change from ky -independent to ky dependent for the FFLO pairing with a relation (K ± kz )lB +
EF /E0 tanh(1.3Xky lB ) = 0. These characteristics have been
reflected in the DOS. To demonstrate the peculiarity of edge
excitations, which relate to the interplay between the effect of
magnetic field and the coherent superposition of quasiparticle
states in the hybrid, we calculate the wave-function profiles of
edge states and bulk states. It is found that the wave-function
profiles of the edge excitations are different for two distinct
pairings. But, the wave-function profiles of the bulk states are
the same for two distinct pairings.
From the energy dispersion, we can obtain the modedependent velocities associated with the LL mode of quasiparticle excitations. It is found that the mode-dependent velocities in the y direction are nonzero in the vicinity of
the WSM/SWSM interface and vanish for Xky → ±∞. This
implies that the edge states evolve into the ky -independence
LLs in the region far from the interface. We have presented an
exact expression for the transverse current and evaluated the
spatial distributions of charge current numerically. It is shown
that the distribution of transverse current is irrelevant to the
nature of pairing. By using a SWSM/WSM/SWSM hybrid, we
calculate the total transverse conductance. The results show
that the total transverse conductance is independent of the specific pairing mechanism. The intrinsic chiral anomalous Hall
current is absent in the transverse conductance due to its destruction in the two flanks of the interface in the WSM/SWSM
hybrid. To provide a quantitative understanding of such a
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pairing irrelevancy, we analyze the contribution to the transverse conductance from various edge channels in a fourterminal SWSM/WSM/SWSM hybrid structure. The calculations with the edge-channel descriptions reproduce the results
obtained by the spatial distributions. The pairing independence of the transverse conductance reflects that it depends
on the processes producing the phase-coherent electron-hole
states at the SWM/SWSM interface, which are responsible for
the magnetically induced edge states supported by the Weyl
LLs and the carriers’ cyclotron motions under magnetic field.
Our result provides possible explanations for the experimentally observed breakdown of chiral anomaly in the WSM
hybrid structures. The WSM/SWSM hybrid is a better platform to probe these effects because the surface states are
gapless due to the Weyl chirality preserved in two sides
of interface. The predicted irrelevance of pairings in the
transverse conductance could be investigated in conductivity
measurements with four-terminal SWSM/WSM/SWSM hybrid geometry. Our work suggests that one can analyze pairing
by measuring the DOS of the zeroth LL. We conceive of
combining the similar setup with experimental measurement
actualized in Ref. [52] to investigate the DOS. The quantized
band structure of 3D Dirac semimetal Cd3 As2 under the
magnetic field and the observed DOS singularities have been
reported [85,86]. The AR related to edge states under the
magnetic field can be studied also. Among them, the edge
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states at the junction in the quantum Hall regime [87] and
chiral edge transport [88] are experimentally investigated.
These experimental measurements are conducive to the study
of the influence of pairing modes on the behavior of edge
excitations.
ACKNOWLEDGMENTS

The authors are thankful for the support of NSFC
(11274013,11774006), NBRP of China (2012CB921300),
and the Australian Research Council Grant No.
(DP160101474). We thank Dr. Matthew Sanderson for
his critical reading of the manuscript.
APPENDIX A: THE EIGENSTATES OF BDG EQUATIONS
IN THE WSM AND THE SWSM

The BdG equation for the WSM and the SWSM in the
presence of magnetic field with the BCS and the FFLO
pairing potentials can be solved analytically. We present the
eigenstates and eigenvalues below.
In the WSM (x < 0), we take 0 = 0 in Eq. (2). The
eigenvalues are given in Eq.
 (5). The eigenstates have the form
W
κ,η,λ
(n, ky , kz , r) = (1/ Ly Lz )eiky y+ikz z W
κ,η,λ (n, ky , kz , x)
with

T
√
√
En,η,+ + EF + kz+
Dn−1 λ 2 x − Xky Dn λ 2 x − Xky 0 0 0 0 0 0 ,
√
2i
T

√
√
En,η,− + EF − kz−
W
−,+,λ (n, ky , kz , x) = 0 0
Dn−1 λ 2 x − Xky Dn λ 2 x − Xky 0 0 0 0 ,
√
2i
T

√
√
i(EF − En,η,+ + kz+ )
W
λ
λ
0
0
(n,
k
,
k
,
x)
=
0
0
0
0
D
2
x
+
X
2
x
+
X
,
D
√
y
z
n
k
n−1
k
y
y
+,−,λ
2


W
+,+,λ (n, ky , kz , x) =

(A1)
(A2)
(A3)

and
W
−,−,λ (n, ky , kz , x)


√
= 0 0 0 0 0 0 Dn λ 2 x + Xky

√
i(EF − En,η,− − kz− )
Dn−1 λ 2 x + Xky
√
2

T
,

(A4)

where kzκ = kz − κK, Dn (x) is a parabolic cylindrical function, and Xky = −ky lB2 . In these expressions, lengths are measured
in units of the magnetic length lB , and energies are measured in units of E0 = h̄vF / lB .
In the SWSM (x > 0), we solve the BdG equation, respectively, for the BCS pairing and the FFLO pairing. For a BCS pairing,
Eq. (4). The eigenvalues of BdG equations are given in Eq. (6). The eigenstates have the form
we have B = 0 and F = 0 in 
S(B )
)
(kx , ky , kz , x, y, z) = (1/ Ly Lz )eikx x+iky y+ikz z S(B
of κ,η,λ
κ,ηλ (kx , ky , kz ), where

⎞
+
+
EF k +2 + EF Eηλ
− EF2 − 20 kz+ + (Eηλ
− EF + kz+ )β 20 kz+2 + EF2 k +2
⎜
⎟

⎜
⎟
+
2
2 +2
2 +2
⎜
⎟
Eηλ EF − EF + β 0 kz + EF k (kx + iky )
⎜
⎟
⎜
⎟
0
⎜
⎟
⎜
⎟
0
=⎜
⎟
⎜
⎟
+ +
2 +2
2 +2
+2
⎜
⎟
−
E

k
−
k
+
β

k
+
E
k
z
0
z
ηλ z
0
F
⎜
⎟
⎜
⎟
+
0 (EF + kz )(kx + iky )
⎜
⎟
⎝
⎠
0
0
⎛

)
S(B
+,η,λ kx , ky , kz
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⎛

⎞

0
0

⎜
⎟

⎜
⎟
⎜
−
−
2
2 −
2 −2
2 −2 ⎟
−2
−
⎜EF k − EF Eηλ − EF − 0 kz + (Eηλ − EF − kz )β 0 kz + EF k ⎟
⎜
⎟

⎜
⎟
−
−2
⎜
⎟
2
2
2
−2
S(B )
E
(k
E
−
E
+
β

k
+
E
k
+
ik
)
z
F
x
y
⎜
⎟.
ηλ
0
F
F
−,η,λ (kx , ky , kz ) = ⎜
⎟
0
⎜
⎟
⎜
⎟
0
⎜
⎟

⎜
⎟
− −
2 −2
2 −2
−2
⎜
⎟
Eηλ kz − kz + β 0 kz + EF k 0
⎝
⎠
0 (EF − kz− )(kx + iky )

(A6)

For a FFLO pairing, we have B = 0 and
F = 0 in Eq. (4). The eigenvalues are presented in Sec. II B 2 b. The eigenstates
S(F )
)
(x, y, z, kx , ky , kz ) = (1/ Ly Lz )eikx x+iky y+ikz z S(F
are given by κ,η,λ
κ,η,λ (kx , ky , kz ) with
⎞
⎛
+
+
sgn(EF )k +2 + (sgn(EF )Eηλ
− |EF |)kz+ + (Eηλ
− EF + kz+ )βk +
⎟
⎜
+
⎟
⎜
(sgn(EF )Eηλ
− |EF | + βk + )(kx + iky )
⎟
⎜
⎟
⎜
⎟
⎜
0
⎟
⎜
⎟
⎜
0
⎟
⎜
S(F )
0
⎟
⎜
(A7)
+,η,λ (kx , ky , kz ) = ⎜
⎟
0
⎟
⎜
⎟
⎜
0
⎟
⎜
⎟
⎜
0
⎟
⎜
⎟
⎜
+
+
−i2Kz
(sgn(EF )kz + βk )0 e
⎠
⎝
0 sgn(EF )(kx + iky )e−i2Kz
and

⎛

⎞
0
⎜
⎟
0
⎜
⎟
−
−
−
−
−⎟
⎜sgn(EF )k −2 − (sgn(EF )Eηλ
−
|E
|)k
+
(E
−
E
−
k
)βk
F
F
z
z
ηλ
⎜
⎟
⎜
⎟
−
−
⎜
⎟
(sgn(EF )Eηλ − |EF | + βk )(kx + iky )
⎜
⎟
S(F )
⎜
⎟.
−,η,λ (kx , ky , kz ) = ⎜
−
−
+i2Kz
⎟
(−sgn(E
)k
+
βk
)
e
F z
0
⎜
⎟
⎜
⎟
+i2Kz
⎜
⎟
0 sgn(EF )(kx + iky )e
⎜
⎟
⎜
⎟
⎝
⎠
0
0

APPENDIX B: LANDAUER-BÜTTIKER APPROACH

In this appendix, we assume that the population of the
edge states are in equilibrium, so that we can use LandauerBüttiker formula for the superconducting terminals. We show
the diagrammatic sketch of four-terminal hybrid structure in
Fig. 8, where two superconducting terminals are taken as the
(χ )
left and right leads. We use notation IN,Xky ,kz ,α to define the
current flows along the route α, where α = (ij ) represents
the route from the lead j to the lead i (i, j = L, R, U, D),
χ labels the nature of quasiparticle [electron (e) and hole
(h)], and (N, Xky , kz ) identifies the state for the quasiparticle
excitations. According to the Landauer-Büttiker scattering
(χ )
matrix approach, the current IN,Xky ,kz ,α can be expressed in

(A8)

chemical potentials μi among the leads L, R, U, and D, we
have
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e
(χχ )
1 − TN,Xky ,kz ,LD (μD − μR )
h

(χχ )
(B2)
− TN,Xky ,kz ,LD (μR − μD ) ,

(χ )

IN,Xky ,kz ,LD = −

e  (χχ )
(μD − μR )
T
h N,Xky ,kz ,LD

(χχ )
+ TN,Xky ,kz ,LD (μR − μD ) ,

(χ )

IN,Xky ,kz ,U D = −

χχ

terms of the transmission coefficients TN,Xky ,kz ,α . It should
be emphasized that the contributions of electron partners are
taken in the states of N  0 LLs and those of the hole partners
are taken in the states of N < 0 LLs. For the difference of

e
(χχ )
1 − TN,Xky ,kz ,LD (μL − μR )
h

(χχ )
(B1)
− TN,Xky ,kz ,LD (μR − μL ) ,

(χ )

IN,Xky ,kz ,U L = −

(χ )

(B3)

e
(χχ )
1 − TN,Xky ,kz ,RU (μU − μR )
h

(χχ )
(B4)
− TN,Xky ,kz ,RU (μR − μU ) ,

IN,Xky ,kz ,RU = −
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e  (χχ )
(μU − μR )
T
h N,Xky ,kz ,RU

(χχ )
+ TN,Xky ,kz ,RU (μR − μU ) ,

(χ )

IN,Xky ,kz ,DU = −

(B5)
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The currents flowing through the route α (U L, LD, U D,
RU, DU, and DR) are given by
   dkz (χ )
I
.
(B17)
Iα =
2π N,Xky ,kz ,α
N,k χ=e.h
y

(χ )

e
(χχ )
1 − TN,Xky ,kz ,RU (μR − μR )
h

(χχ )
(B6)
− TN,Xky ,kz ,RU (μR − μR ) .

IN,Xky ,kz ,DR = −

Substituting Eqs. (B11)–(B16) into Eq. (B17), we found
e
IU L = − RAL (μL − μR ),
h
e
ILD = − RAL (μD − μR ),
h
e
IRU = − RAR (μU − μR ),
h
e
IDR = − RAR (μR − μR ),
h
e
IU D = − (M − RAL )(μD − μR ),
h

Because of the electron-hole symmetry, the AR coefficients
can be written as
(h)
(eh)
(he)
= TN,X
= TN,X
,
RN,X
ky ,kz ,AL
ky ,kz ,LD
ky ,kz ,LD

(B7)

(h)
(eh)
(he)
RN,X
= TN,X
= TN,X
,
ky ,kz ,AR
ky ,kz ,RU
ky ,kz ,RU

(B8)

and the electron reflection coefficients can be expressed in the
form
(e)
(ee)
(hh)
RN,X
= 1 − TN,X
= 1 − TN,X
,
ky ,kz ,AL
ky ,kz ,LD
ky ,kz ,LD

(B19)
(B20)
(B21)
(B22)

and
e
IDU = − (M − RAR )(μU − μR ),
h

(B9)

(B23)

where

and
(e)
(ee)
(hh)
= 1 − TN,X
= 1 − TN,X
. (B10)
RN,X
ky ,kz ,AR
ky ,kz ,RU
ky ,kz ,RU

RAL

The particle conversation is guaranteed by the relations
(χχ )
(χ χ )
(χχ )
TN,Xky ,kz ,LD + TN,Xky ,kz ,LD = 1
and
TN,Xky ,kz ,RU +

RAR

(χχ )

TN,Xky ,kz ,RU = 1. From these relations, we found the current

and

e  (χ )
(χ )
(μL − μR ), (B11)
R
IN,Xky ,kz ,U L = −
h χ =e,h N,Xky ,kz ,AL
e  (χ )
(χ )
(μD − μR ), (B12)
R
IN,Xky ,kz ,LD = −
h χ =e,h N,Xky ,kz ,AL
e  (χ )
(χ )
(μU − μR ), (B13)
R
IN,Xky ,kz ,RU = −
h χ =e,h N,Xky ,kz ,AR
e  (χ )
(χ )
(μR − μR ), (B14)
R
IN,Xky ,kz ,DR = −
h χ =e,h N,Xky ,kz ,AR
⎞
⎛

e
(χ )
(χ )
IN,Xky ,kz ,U D = − ⎝1 −
RN,Xky ,kz ,AL ⎠(μD − μR ),
h
χ =e,h

M=



(B25)



dkz 
−δN0 sgn EF + κ h̄vF kzκ + (1 − δN0 )
2π N,k ,κ
(B26)

for BCS pairing superconducting states while

dkz 
M=
1
2π N,k

(B27)

y

for FFLO pairing superconducting states.
The total currents flowing through lead i (= L, R, U, D)
are obtained by

⎞

e
(χ )
(χ )
IN,Xky ,kz ,DU = − ⎝1 −
RN,Xky ,kz ,AR ⎠(μU − μR ).
h
χ =e,h

(B24)

y

(B15)
⎛

  dkz (χ )
R
=
,
2π N,Xky ,kz ,AL
N,ky ,χ
  dkz (χ )
R
=
,
2π N,Xky ,kz ,AR
N,k ,χ
y

(χ )

IN,Xky ,kz ,α for the route α (U L, LD, U D, RU, DU, and DR),

and

(B18)

IL = IU L − ILD ,

(B28)

IR = IDR − IRU ,

(B29)

IU = IDU + IRU − IU L − IU D ,

(B30)

ID = IU D + ILD − IDR − IDU .

(B31)

and

(B16)

[1] G. Xu, H. Weng, Z. Wang, X. Dai, and Z. Fang, Phys. Rev. Lett.
107, 186806 (2011).
[2] H. M. Weng, C. Fang, Z. Fang, B. A. Bernevig, and X. Dai,
Phys. Rev. X 5, 011029 (2015).

We then have the results in Eqs. (16)–(19).

[3] X. G. Wan, A. M. Turner, A. Vishwanath, and S. Y. Savrasov,
Phys. Rev. B 83, 205101 (2011).
[4] A. A. Burkov and L. Balents, Phys. Rev. Lett. 107, 127205
(2011).

155317-13

DUAN, LIU, FANG, ZHANG, AND MA

PHYSICAL REVIEW B 98, 155317 (2018)

[5] G. B. Hal’asz and L. Balents, Phys. Rev. B 85, 035103 (2012).
[6] J. Xiong, S. K. Kushwaha, T. Liang, J. W. Krizan, M.
Hirschberger, W. Wang, R. J. Cava, and N. P. Ong, Science 350,
413 (2015).
[7] Q. Li, D. E. Kharzeev, C. Zhang, Y. Huang, I. Pletikosi, A. V.
Fedorov, R. D. Zhong, J. A. Schneeloch, G. D. Gu, and T. Valla,
Nat. Phys. 12, 550 (2016).
[8] X. Huang, L. Zhao, Y. Long, P. Wang, D. Chen, Z. Yang,
H. Liang, M. Xue, H. Weng, Z. Fang, X. Dai, and G. Chen,
Phys. Rev. X 5, 031023 (2015).
[9] C. Shekhar, A. K. Nayak, Y. Sun, M. Schmidt, M. Nicklas, I.
Leermakers, U. Zeitler, Y. Skourski, J. Wosnitza, Z. Liu, Y.
Chen, W. Schnelle, H. Borrmann, Y. Grin, C. Felser, and B.
Yan, Nat. Phys. 11, 645 (2015).
[10] R. D. dos Reis, M. O. Ajeesh, N. Kumar, F. Arnold, C. Shekhar,
M. Naumann, M. Schmidt, M. Nicklas, and E. Hassinger,
New J. Phys. 18, 085006 (2016).
[11] M. Z. Hasan, S.-Y. Xu, and G. Bian, Phys. Scr. T 164, 014001
(2015).
[12] S.-Y. Xu, I. Belopolski, N. Alidoust, M. Neupane, C. L. Zhang,
R. Sankar, S.-M. Huang, C.-C. Lee, G. Q. Chang, B. K. Wang,
G. Bian, H. Zheng, D. S. Sanchez, F. C. Chou, H. Lin, S. Jia,
and M. Z. Hasan, Science 349, 613 (2015).
[13] B. Q. Lv, N. Xu, H. M. Weng, J. Z. Ma, P. Richard, X. C. Huang,
L. X. Zhao, G. F. Chen, C. Matt, F. Bisti, V. Strokov, J. Mesot,
Z. Fang, X. Dai, T. Qian, M. Shi, and H. Ding, Nat. Phys. 11,
724 (2015).
[14] R. Joynt and L. Taillefer, Rev. Mod. Phys. 74, 235 (2002).
[15] Y. Yanase, Phys. Rev. B 94, 174502 (2016).
[16] H. Wang, H. C. Wang, H. W. Liu, H. Lu, W. H. Yang, S. Jia,
X. J. Liu, X. C. Xie, J. Wei, and J. Wang, Nat. Mater. 15, 38
(2016).
[17] H. Wang, H. C. Wang, Y. Q. Chen, J. W. Luo, Z. J. Yuan, J. Liu,
Y. Wang, S. Jia, X. J. Liu, J. Wei, and J. Wang, Sci. Bull. 62,
425 (2017).
[18] Y. P. Qi, P. G. Naumov, M. N. Ali, C. R. Rajamathi, W.
Schnelle, O. Barkalov, M. Hanfland, S.-C. Wu, C. Shekhar, Y.
Sun, V. Süß, M. Schmidt, U. Schwarz, E. Pippel, P. Werner, R.
Hillebrand, T. Förster, E. Kampert, S. Parkin, R. J. Cava, C.
Felser, B. Yan, and S. A. Medvedev, Nat. Commun. 7, 11038
(2016).
[19] M. D. Bachmann, N. Nair, F. Flicker, R. Ilan, T. Meng, N. J.
Ghimire, E. D. Bauer, F. Ronning, J. G. Analytis, and P. J. W.
Moll, Sci. Adv. 3, 1602983 (2017).
[20] Y. F. Li, Y. H. Zhou, Z. P. Guo, F. Han, X. L. Chen, P. C. Lu,
X. F. Wang, C. An, Y. Zhou, J. Xing, G. Du, X. Y. Zhu, H. Yang,
J. Sun, Z. R. Yang, W. G. Yang, H.-K. Mao, Y. H. Zhang, and
H.-H. Wen, npj Quantum Mater. 2, 66 (2017).
[21] Y. T. Chan, P. L. Alireza, K. Y. Yip, Q. Niu, K. T. Lai, and S. K.
Goh, Phys. Rev. B 96, 180504(R) (2017).
[22] C. Heikes, I.-L. Liu, T. Metz, C. Eckberg, P. Neves, Y. Wu, L.
Hung, P. Piccoli, H. Cao, J. Leao, J. Paglione, T. Yildirim, N. P.
Butch, and W. Ratcli II, Phys. Rev. Mater. 2, 074202 (2018).
[23] Y. G. Naidyuk, O. E. Kvitnitskaya, D. L. Bashlakov, S.
Aswartham, I. Morozov, I. Chernyavskii, G. Fuchs, S.-L.
Drechsler, R. Hühne, K. Nielsch, B. Büchner, and D. V.
Efremov, 2D Mater. 5, 045014 (2018).
[24] G. Y. Cho, J. H. Bardarson, Y.-M. Lu, and J. E. Moore,
Phys. Rev. B 86, 214514 (2012).
[25] H. Wei, S.-P. Chao, and V. Aji, Phys. Rev. B 89, 014506 (2014).

[26] T. Meng and L. Balents, Phys. Rev. B 86, 054504 (2012).
[27] B. Lu, K. Yada, M. Sato, and Y. Tanaka, Phys. Rev. Lett. 114,
096804 (2015).
[28] G. Bednik, A. A. Zyuzin, and A. A. Burkov, Phys. Rev. B 92,
035153 (2015).
[29] T. Zhou, Y. Gao, and Z. D. Wang, Phys. Rev. B 93, 094517
(2016).
[30] R. Wang, L. Hao, B. Wang, and C. S. Ting, Phys. Rev. B 93,
184511 (2016).
[31] J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev. 108,
1175 (1957).
[32] P. Fulde and R. A. Ferrell, Phys. Rev. 135, A550 (1964).
[33] A. Larkin and I. Ovchinnikov, Sov. Phys. JETP 20, 762 (1965).
[34] A. F. Andreev, Sov. Phys. JETP 19, 1228 (1964); 22, 455
(1966).
[35] W. Chen, L. Jiang, R. Shen, L. Sheng, B. G. Wang, and D. Y.
Xing, Europhys. Lett. 103, 27006 (2013).
[36] S. Uchida, T. Habe, and Y. Asano, J. Phys. Soc. Jpn. 83, 064711
(2014).
[37] J. Fang, W. Y. Duan, J. F. Liu, C. Zhang, and Z. S. Ma,
Phys. Rev. B 97, 165301 (2018).
[38] Y. Kim, M. J. Park, and M. J. Gilbert, Phys. Rev. B 93, 214511
(2016).
[39] H. B. Nielsen and M. Ninomiya, Phys. Lett. B 130, 389 (1983).
[40] X. X. Zhang and N. Nagaosa, Phys. Rev. B 95, 205143 (2017).
[41] Y. X. Zhao, Y. Lu, and H. Z. Liu, arXiv:1706.09783.
[42] A. G. Grushin, J. W. F. Venderbos, A. Vishwanath, and R. Ilan,
Phys. Rev. X 6, 041046 (2016).
[43] G. Basar, D. E. Kharzeev, and H.-U. Yee, Phys. Rev. B 89,
035142 (2014).
[44] A. A. Burkov, Phys. Rev. Lett. 113, 187202 (2014).
[45] Shengyuan A. Yang, H. Pan, and F. Zhang, Phys. Rev. Lett. 115,
156603 (2015).
[46] B. Z. Spivak and A. V. Andreev, Phys. Rev. B 93, 085107
(2016).
[47] A. Sekine, D. Culcer, and Allan H. MacDonald, Phys. Rev. B
96, 235134 (2017).
[48] P. Goswami, J. H. Pixley, and S. Das Sarma, Phys. Rev. B 92,
075205 (2015).
[49] T. Louvet, M. Houzet, and D. Carpentier, arXiv:1711.06657.
[50] A. V. Andreev and B. Z. Spivak, Phys. Rev. Lett. 120, 026601
(2018).
[51] E. Barnes, J. J. Heremans, and D. Minic, Phys. Rev. Lett. 117,
217204 (2016).
[52] J. Eroms, D. Weiss, J. De Boeck, G. Borghs, and U. Zülicke,
Phys. Rev. Lett. 95, 107001 (2005).
[53] S. Matsuo, K. Ueda, S. Baba, H. Kamata, M. Tateno, J. Shabani,
C. J. Palmström, and S. Tarucha, Sci. Rep. 8, 3454 (2018).
[54] G.-H. Lee, K.-F. Huang, D. K. Efetov, D. S. Wei, S. Hart, T.
Taniguchi, K. Watanabe, A. Yacoby, and P. Kim, Nat. Phys. 13,
693 (2017).
[55] T. D. Moore and D. A. Williams, Phys. Rev. B 59, 7308 (1999).
[56] H. Hoppe, U. Zülicke, and G. Schön, Phys. Rev. Lett. 84, 1804
(2000).
[57] Y. Takagaki, Phys. Rev. B 57, 4009 (1998).
[58] Y. Asano and T. Koto, J. Phys. Soc. Jpn. 69, 1125 (2000).
[59] U. Zülicke, H. Hoppe, and G. Schön, Physica B (Amsterdam)
298, 453 (2001).
[60] F. Giazotto, M. Governale, U. Zülicke, and F. Beltram,
Phys. Rev. B 72, 054518 (2005).

155317-14

TRANSVERSE CONDUCTANCE IN A THREE-DIMENSIONAL …
[61] P. Rakyta, A. Kormányos, Z. Kaufmann, and J. Cserti,
Phys. Rev. B 76, 064516 (2007).
[62] N. M. Chtchelkatchev and I. S. Burmistrov, Phys. Rev. B 75,
214510 (2007).
[63] A. R. Akhmerov and C. W. J. Beenakker, Phys. Rev. Lett. 98,
157003 (2007).
[64] W. Y. Duan, W. Wang, C. Zhang, K. J. Jin, and Z. S. Ma,
J. Phys. Soc. Jpn. 85, 104713 (2016).
[65] M. Beconcini, M. Polini, and F. Taddei, Phys. Rev. B 97,
201403(R) (2018).
[66] R. P. Tiwari, U. Zülicke, and C. Bruder, Phys. Rev. Lett. 110,
186805 (2013).
[67] A. Narayan and S. Sanvito, Phys. Rev. B 86, 041104(R)
(2012).
[68] L. Fu and C. L. Kane, Phys. Rev. Lett. 100, 096407
(2008).
[69] R. P. Tiwari, U. Zülicke, C. Bruder, and V. M. Stojanović,
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